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Abstract— Thin-film transistors (TFTs) have been fabricated using atomic layer deposition (ALD) Nb doped ZnO (NbZnO) for the active layer. The optical and electrical properties of the NbZnO TFTs for Nb cycle percentage between 0 and 12.5 % were studied. The optical band gap is seen to increase with Nb content, where a cycle percentage of 12.5% gives an increase of 0.27 eV to 3.54 eV. The device with 3.8% NbZnO exhibited the best TFT characteristics, with an On/Off ratio of 108, saturation mobility of 5.1 cm2/Vs, threshold voltage of 5.1 V and sub-threshold swing of 0.51 V/dec. The characteristic temperature of the material, derived from a model based on an exponential density of states, indicates that the disorder within the material is reduced compared to the use of Mg doping.
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I.	 Introduction 
Over recent years transparent conducting oxides (TCOs) have gathered considerable interest due to their ease of fabrication, low cost, relatively high mobility, conductivity and optical transparency compared to amorphous and 
poly-crystalline Si TFTs. This has allowed for the possibility of fully transparent electronics being integrated into such applications as heads-up display on windscreens, active matrix displays and local environmental control. For active matrix displays, zinc oxide (ZnO) based materials have been the favourable choice in thin film transistors (TFTs). As-grown ZnO contains a large number of defects giving rise to unacceptably high conductivity, hence the requirement of materials such as indium and gallium (IGZO). The gallium serves to stabilise the structure and hence the threshold voltage and the indium to increase the mobility [1]. However, indium suffers from large fluctuations in high cost and has a low level of abundance which makes it not viable for long-term mass production. 
Currently extensive research into non-indium based materials is being conducted for ZnO based TFTs including; gallium [2], silicon [3] and our own work on magnesium [4]. Niobium is an attractive dopant candidate for ZnO, as its high valency (Nb5+) offers the prospect of requiring lower concentrations as a substitutional dopant for Zn2+ and consequently reduced disorder and carrier scattering. 
Nb-doping has been explored previously in pulse laser deposited [5,6] and RF sputtered [7] NbZnO TCOs, but not via atomic layer deposition (ALD) using the approach reported here for an active layer for TFTs.
It is common practice within the literature to adopt the standard MOSFET equations to describe the electrical behaviour. However, it is evident in many cases that there is no distinct subthreshold and above threshold regions. In this work, the multiple trapping and release (MTR) model [8] proposed by Torricelli et al. [9] is applied to fit the TFT experimental electrical characteristics. The model describes the current transport in terms of carriers hopping between defect band tail energy states which follow an exponential relationship with energy; the defect states being related to the disordered nature of the NbZnO material. This model constitutes a similar approach to those reported for amorphous Si [10], organic materials [11] and small grain polycrystalline materials [12]. 
Here we report enhanced optical properties of ALD grown NbZnO material obtained using variable angle 
spectroscopic-ellipsometry (VASE) and also TFT electrical performance. 
II.	Experiments
The films were grown using ALD at 200 oC with precursors diethlyzinc and niobium pentaethoxide for ZnO and Nb respectively on a thermally oxidised n-type Si wafer 
(50 nm SiO2) with 10 nm of 200 0C ALD Al2O3 to act as a capping layer. The Nb content was controlled by varying the percentage between the Zn and Nb precursors for cycle percentages between 0 and 12.5%. Simple back-gated TFTs with 50 nm NbZnO as the active layer were fabricated by evaporating Al electrodes, with patterning achieved by lift-off and wet-etching to isolate each device. Prior to electrical characterisation the films were subsequently annealed at 
300 oC in air for 1 hour to further reduce the film conductivity.  
III.	Results and Discussion
Fig.1(a) shows Tauc plots derived from VASE where NbZnO and ZnO films are compared. There is an evident shift of the absorption edge for NbZnO towards higher energy, being indicative of a band gap (Eg) energy increase of 
0.27 eV in comparison to the ZnO sample for the maximum cycle percentage of 12.5%. Fig.1(b) shows the effect on the band gap of increasing cycle percentages of Nb. The dependence of % Nb on Eg is seen to be linear initially due to the crystal structure remaining constant. At higher concentrations the dependence goes sub-linear possibly due to the films becoming less crystalline as demonstrated by XRD measurements in [13,14]. This increase in Eg can be explained by the Burstein-Moss effect where the carriers arising from the Nb fill the states above the conduction band which in turn, itself shifts to higher energies. This effect has been confirmed with other NbZnO films [5] and Mg [4] and Ga [15] doped ZnO films. 
The TFT characteristics for Nb cycle percentages between 0% and 12.5% are presented in Table I, where the channel length (L) is 40 µm and the channel width (W) is 400 µm. The standard MOSFET equations are implemented in order to benchmark the TFT performance with the literature. The threshold voltage (VT) and saturation mobility (µsat) were extracted using the MOSFET equation 
    	         (1)

TABLE I. 	Comparison of TFT characteristics for NbZnO with varying cycle fraction from 0 to 12.5% with W=400 µm and L=40 µm
Nb cycle fraction (%)	On/Off ratio	VT (V)	µsat (cm2/Vs)	SS (V/dec)
0	1.0 × 104	9.32	1.41	2.97
2.9	6.07× 107	7.63	5.1	1.07
3.8	1.4 × 108	7.06	5.13	0.51
4.8	1.5 × 107	4.1	0.88	0.39
6.67	1.24× 106	2.47	0.78	0.32
9.1	3.2 × 107	3.59	0.32	0.36
12.5	1.17× 106	1.05	0.07	1.25

where Co is the gate oxide capacitance per unit area and VGS the gate source voltage. The effective subthreshold swing (SS) was also extracted at the steepest part of the transfer slope and is interpreted here as an indication of the trap concentration, Nt in the film and at the interface:
                                        (2)

Equations (1,2) are commonly adopted in the literature, presumably for ease of comparison between reported device metrics. It is evident in Table I that for all of the doped samples that the On/Off ratio has been dramatically improved because the -off current has been reduced. Cycle percentages 3.8 to 9.09% have a relatively low sub-threshold swing (SS) which indicates a reduction of the interface states, density and disorder of the film. This reduced SS can be attributed to Nb. Moreover, it is apparent that with increasing Nb cycle percentage, the VT shifts to lower voltages and µsat is initially enhanced by the Nb as saturation is achieved. However, as Nb is further increased, µsat is reduced. From Table I, 3.8% NbZnO has the best TFT characteristics with the highest On/Off ratio of 1.4 × 108 and µsat = 5.1 cm2/Vs, with a low 
VT =5.1 V and SS = 0.51 V/dec. Fig. 2 compares the TFT characteristics of the ZnO and 3.8% NbZnO TFTs. Fig.2 (a) and (b) both demonstrate good saturation for the ZnO and NbZnO respectively. However, the transfer characteristics in Fig.2(c) illustrate that the addition of 3.8% of the cycle ratios of Nb effectively reduces the conductivity of the film and in turn drastically reduces the off-current by from 10-8 to 10-12 A: 4 orders of magnitude. 
The aforementioned extracted parameters assume the validity of standard Si MOSFET theory in these accumulation mode devices; a commonly used assumption in the literature which allows for easy comparison of technologies. However, it is evident from the transfer characteristics in Fig.2(c), that the TFT does not follow distinct sub-threshold and quadratic regions. Instead the transport mechanism MTR model is employed to explain the characteristics [9,11]. The MTR model states that the charge carriers trapped in localized states (states within the Eg) are thermally excited towards the delocalized states (conduction band) by hopping between localized states [9]. Once these charge carriers reach the conduction band, they can contribute to the charge transport and can be considered as free carriers. A two term exponential density of defect states is assumed
                 (3)
where Ndeep and Ntail are the number of deep and tail states respectively, at the conduction band (EC) and Tdeep and Ttail are the characteristic temperatures for the deep and tail states respectively. It can be noted that for ZnO that the deep states are dependent on the oxygen vacancies and tail states on the zinc interstitials [16]. It can be shown that, (3) can be simplified to a single exponential , where To is a characteristic temperature which is closely related to the tail states [9]. The parameter To provides an indication of the degree of disorder in the film, This treatment leads to a power-law dependence of the transfer characteristics, where the drain current equation is defined as 
             (4)
where VFB is the flat band voltage, γ=2To/T, T is the temperature and β is defined as 
       	               (5)

where σo is a conductivity pre-factor, εs is the permittivity of NbZnO (assumed the same as bulk ZnO), Nt is the number of traps, q is the charge of an electron, and Vt is the thermal voltage (kT/q). The drain voltage VD is defined in the triode region (VD > VGS-VFB) and VGS-VFB in the saturation region
 (VD ≤ VGS-VFB).
Using this model, a good fit is observed in Fig.3 for both transfer and output characteristics. The fitting parameters used are VFB= −3.12 V, To=657 k and β= 3.32×10-11. All these fitting parameters are all related to the physical properties of materials, where Nt and To are dependent on the DOS of the NbZnO, VFB is determined by the insulator-semiconductor interface and deep traps and σo is the NbZnO bulk conductivity. Furthermore, if we compare the To parameter with previously reported values for IGZO, ZnO and MgZnO (400 k [17], 710 k [9] and 791 k [18] respectively), we can see that Nb doping has successfully reduced the disorder of our films nearer to IGZO. This is also confirmed with the lower SS obtained when using the standard MOSFET analysis.
IV.	Conclusion
The effectiveness of Nb doping of ALD grown ZnO, with regards to enhanced optical properties and electrical characteristics for effective TFT performance has been demonstrated. The band gap has been increased with added Nb content due to the Burstein-Moss effect. The 3.8% cycle percentage sample demonstrates the best TFT characteristics where a relatively low SS confirms that the disorder of the film has been reduced compared to the Mg-doped films [18]. This is further confirmed by the lower value of characteristic temperature, To than for other doping types.  
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Fig. 1.	(a) Tauc plot for ZnO and NbZnO where α is the absorption coefficient and hυ is the photon energy (b) Summary of band gap (Eg) increase with increase cycle percentage of Nb from 0% to 12.5%



Fig. 3.	(a) output and (b) transfer fittings of the 3.8% NbZnO TFT using the MTR model. The fitting parameters are; VFB= −3.12 V, (model parameters are defined in [6])


Fig. 4.	Output characteristics for the (a) ZnO and (b) 3.8% NbZnO and (c) transfer characteristics of 3.8 % NbZnO and ZnO. The inset shows a schematic of the NbZnO TFTs




